Abstract: Flexible polyimide probes, used for neuronal signal acquisition, are thought to reduce signal deteriorating gliosis, improving the quality of recordings in brain machine interfacing applications. These probes suffer from the disadvantage that they cannot penetrate brain tissue on their own, owing to their limited stiffness and low buckling forces. A microfluidic device as an external micro-drive which aids in the insertion of flexible polyimide neural probes in 0.6% Agarose gel is presented here.
Introduction
The quality of acquired signals in brain-machine interfaces require reliable, stable and functional coupling between neural tissue and implanted electrodes. Neuronal multisite electrodes are used in brain-machine interfaces to record the activity in brain, which when used in long term investigations, quickly succumb to the immune response of the brain to a foreign body [1] [2] [3] . The cellular response is thought to isolate and encapsulate the implanted electrodes by displacing adjacent neurons [4] . The size of electrode and the stiffness of substrate material contribute to the tissue trauma resulting from insertion [5] . Batch fabricated rigid Silicon probes have a Young's modulus of 190 GPa, while the brain's Young's modulus is orders of magnitude smaller (~25kPa) [6] . Due to this mismatch in mechanical properties of brain and implanted probe, mechanical disruption of the neuropil occurs. To tackle this, thin film-like flexible polyimide probes were designed, intended to mechanically comply with the adjacent brain tissue in at least one dimension [7] [8] [9] . This is expected to reduce micro-movement between the tissue and electrode and, minimize glial sheath build up around the electrode [10] [11] [12] . Unfortunately, the structural features of these probes pose challenges during insertion into the brain [13, 14] . Probes with increased thickness and width can easily withstand higher forces during insertion, but this in turn is expected to cause a stronger tissue response [5] . The use of insertion aids for flexible probes increases tissue damage, limiting the advantages of flexible electrodes [15] . We propose in the following the use of a microfluidic device to provide the necessary forces for pial penetration of flexible probes by means of fluid forces. The goal is to achieve implantation without the use of implantation aids.
Buckling and dimpling phenomena
Microprobe implantation in rat brain is influenced by a phenomenon dubbed "dimpling" and is most prominently visible in large craniotomies. It describes deformation of brain upon localized [probe tip] load. Upon further progression of the probe, the strain in the pial membrane reaches a peak, the pia ruptures locally and the probe penetrates the surface, resulting in a spring-back of the compressed brain, and a drop in strain [16] . Both deformation and spring-back are expected to cause tissue damage and thus should be minimized [5] . The force required for the initial penetration of the pia has been reported to be in the range of a few mN (~5mN) [17] . Another factor influencing tissue damage during implantation is the speed at which the probe is inserted. It has been established in various studies that faster insertion results in lower vascular damage and easier penetration of the pia mater [5, 18, 19] . In order to achieve successful insertion of any neuronal probe, the probe must be sufficiently mechanically robust to withstand the penetration force. In other words, penetration force must not exceed the critical buckling force the neuronal probe can withstand [13] . Although there are several modes of beam buckling, we consider only the first mode, as it gives us a lower bound for acceptable load. Our multisite probes are modeled as a column clamped at one end and pinned at the other (fixed-pinned buckling case) [20] . The theoretical load a probe can carry without buckling is given by Euler's equation:
where F cr is the buckling force, K is the effective column length factor (K=2.045 for fixed-pinned case), E is the elastic modulus of the probe, L is the unsupported beam length, and, I is the area moment of inertia of the probe, which varies as cube of thickness of the probe ( ), as shown in Figure 1 .
Materials and methods

Fabrication
Y-shaped microfluidic channels were fabricated using Polydimethysiloxane (PDMS, Sylgard 184, Dow Corning) mixed in the ratio of 10:1 of elastomer and curing agent and cast on a mold to have an effective inner diameter of 1.5 mm. This mixture was cured at 100°C for 45 minutes and 1.5 mm inlet holes were punched through the PDMS using a Biopsy punch (pfm medical, Germany). PDMS substrate with channels embossed on one face was bonded to a clean microscopic glass slide using a plasma deposition device (Corona SB, BlackholeLab, Paris) to produce a sealed fluidic system. A glass capillary (O. D=1.5mm, Sutter Instruments, USA) was then mounted at the outlet port and a flexible probe without connector pad was placed in it, as shown in Figure 2 . 
Experimental setup
The whole microfluidic device was mounted on a micromanipulator and placed above a slab of clear 0.6% Agarose gel. Pressurized air-water injection was used to drive the flexible probe rapidly into the agarose slab. PTFE tubing (O. D=1.5mm) was used as a conduit for water (inlet a), and compressed air (inlet b), as shown in Figure 2B . The pressurized air originated from a clinical use supply and its output was manually controlled and monitored. 
Insertion procedure
The microfluidic device was advanced close to the target, which, in this case, is 0.6% agarose gel, the Young's modulus of which is similar to brain tissue. This similarity most likely does not extend to brains' viscous properties [21] . The glass capillary was positioned just above the surface of the agar gel. A pressure pulse (~0.4 bar) was applied to produce an initial insertion of the probe in agar, thus overcoming the penetration forces exerted on it. The pressure profile applied at the inlet of device is as shown in Figure 3 . Water (<0.5 ml) was then injected to produce a focused flow of water most suited for insertion of probe. The micromanipulator was simultaneously retracted away from the surface during this jet injection. The use of air aids in the initial penetration of the flexible probe into agarose, and eliminates the need for large liquid volumes necessary for focused stream generation [22] .
Results
The advantage of this method is the successful implantation of very flexible, film-like polyimide probes into agarose slabs, modelling brain regions; without any external aids or stiffeners. The implantation was tested into 0.6% agarose gel and we could implant our flexible probes up to a depth of 7.2mm as shown in Figure 4 .
Discussion
Flexible microprobes are receiving increasing interest with respect to their beneficial long term characteristics as compared to rigid wires. However, the implantation of flexible probes itself is a matter of concern, as removable implantation aids [15, 23] increase the surgical footprint, thus potentially nullifying the flexible probes' advantages. Fluidics supported insertion of carbon nanotube fibers was reported recently (personal communication Jacob T. Robinson), but to our knowledge no attempt was made up till now to implant film like polyimide probes in brain-like materials that way.
The presented approach of implantation by fluidic force actuation aims to ameliorate the stab wound artefact by avoiding use of external aids. We were able to achieve an insertion of up to 7.2mm in 0.6% agarose, with just air and water pressures inside fluidic channels yielding only minimal injection of fluid. The results show that insertions achieved were not without problems as the probes occasionally buckled once they were inside the agar gel. Further investigations with respect to microfluidic drive geometry and fluid pressures have to be made in order to overcome this bending of the flexible polyimide probe inside the agar gel and obtain precise positioning of the probe. Also, implantation of the flexible probe along with its connector pad by using another inlet port has to be carried out. Further investigations to ascertain the effect of probe insertion, and air-water pressures on brain tissue by means of in vivo imaging and histology studies must be conducted. This could pave the way for improved signal recording and glial scar free neural interfaces in brain machine interfacing applications. 
Figure 4:
Flexible probe 400 μm wide and 10 μm thick implanted in agarose, imaged using a custom built white light selective plane microscope [21] .
